Introduction
Infectious diseases are one of the major driving forces of positive natural selection in human populations, and their effects can be readily observed across the human genome [reviewed in 1 ]. Due to the ecological context of some infectious diseases, these selected sites are often either population specific or highly differentiated. Perhaps the best-known examples have been described in nonEuropean populations, e.g. the HbS allele of the beta hemoglobin gene (HBB), which confers resistance to infection by falciparum malaria; similarly, the presence of two copies of a null mutation for the Duffy Antigen Receptor for Chemokines (DARC) confers resistance to infection by Plasmodium vivax . Interestingly, it has been extensively noted that the frequency of both of these alleles is highly increased in malaria-endemic regions [2] . Other resistance alleles, such as the CCR5Δ32 mutation conferring protection against HIV-1 infection, have risen to high frequency in European populations, although unlikely due to infection pressure [3, 4] . Additionally, the evolutionary analysis of inflammatory disease susceptibility loci in European populations has demonstrated evidence of a recent positive selection across these sites and suggested that their currently high frequency may be due to past
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pressure by infectious diseases [5] . In this review, with a particular focus on European populations, we will discuss the impact of common and rare human genetic variation on susceptibility to infection by various pathogens and provide an immunological and evolutionary context for these key variants in human immunity.
Genome-Wide Association Studies in Infectious Diseases
Similar to other fields of medicine, the speed and accuracy of the identification of genetic loci associated with susceptibility to infectious diseases have followed the emergence of genomics [6] . Since 2007, a number of genome-wide association studies (GWAS) have identified common variants associated with susceptibility to infection, clearance of infection, or progression of disease for several major human pathogens. These variants map prominently to the HLA region, to mediators of innate immunity, and, for about one third of them, to other mechanisms or regions of unknown function ( fig. 1 ; table 1 ). In general, the trait variance explained by these variants remains at less than 20% when calculated using an additive genetic model, although in some cases homozygosity may confer a significant degree of protection. Specific to the host-pathogen encounter, part of the unexplained variability may correspond to microbial virulence and epidemiology.
Population-specific differences in the genetic architecture of susceptibility are expected given the geographical constraints and ecology in pathogen distribution as well as the evolutionary pressures from exposure to endemic and, prominently, epidemic outbreaks. This differential architecture is often observable through large differences in allele frequencies at infectious disease susceptibility loci between geographically separated human populations ( table 1 ) . Two prominent examples of such population-specific frequency differences are CCR5Δ32 (rs333) resulting in the deletion of the coreceptor of HIV-1, which is all but absent in non-European populations, and IL28B variants that result in differences in the response to HCV.
The CCR5Δ32 allele is almost exclusive to European populations and has a distinctive north-south gradient, with frequencies ranging from as high as 16% in some Northern Europeans to less than 4% in Southern regions ( fig. 2 ) [3] . Homozygosity provides high protection against HIV-1 infection. A possible role of lentiviral (retroviruses including simian and human immunodeficiency viruses) or other pathogen-selective pressures has been suggested on the basis of convergent evolution: multiple primate species present different alleles that result in null function of CCR5 [7] . The null status is not associated with evidence of immunodeficiency, although there are experimental animal data and human population studies that suggest enhanced susceptibility to a number of pathogens, in particular the West Nile virus [7] . There has been considerable discussion on the selective forces that may have given rise to this allele. The age and origin of CCR5Δ32 in Europeans remain controversial [4, 8] .
IL28B variants are a good example of population differentiation. There is an Asian-European-African gradient in frequency of the protective allele rs12979860, with the highest frequency observed in Asians ( fig. 2 ) . The allele distribution correlates with the rates of spontaneous or treatment-related clearance of HCV infection [9] . The exact role of interferon lamda-3, the product of IL28B , and the causal role of the different variants, whether in the upstream and promoter regions or the coding region, remain the subject of research [10] .
Mendelian Susceptibility to Infection
Primary immunodeficiencies (PIDs) are rare genetic conditions that affect the development and/or the function of the immune system. They are not only responsible for an increased susceptibility to infection but are also frequently involved in autoimmunity, allergy and malignancy [11] . Linkage analyses and candidate gene studies have been used to explore human susceptibility to severe rare infectious diseases and identify PID-causing genes [12] . Over the past few years, however, advances in sequencing technology have allowed the identification of Mendelian defects related to infectious diseases through exome or genome sequencing, leading to an explosion in the number of newly discovered PIDs. Particularly striking progress has been made in the identification of numerous pathogen-specific immunodeficiencies, which led to the redefinition of the concept of PID [13, 14] . The first successful application of exome sequencing to a rare infectious disease phenotype was the discovery of a single-gene defect in immunity against HHV-8 in a Turkish child with fatal Kaposi's sarcoma [15] : a splice-site mutation in the STIM1 gene was identified as the disease-causing variant. In another example, a combination of genome-wide linkage analysis and exome sequencing was used to demonstrate that gain-of-function mutations of STAT1 are responsible for chronic mucocutaneous candidiasis disease [16] .
Today, rare variants conferring extreme susceptibility to specific infectious agents are identified at an ever-increasing rate [11] . Important in this context is the observation reported by the 1000 Genomes Project that the majority of variants with a low minor allele frequency (MAF <0.5%) are restricted to a single population [17] . This is explained by a strong excess of rare variants in human populations, attributable to the recent explosive demographic growth [18] [19] [20] [21] . Therefore, deleterious alleles are likely to be population specific, and the newly discovered PIDs will often be observed in restricted geographical areas. The European Society for Immunodeficiencies (ESID; http://www.esid.org) is running a pan-European registry for PIDs (the ESID database), in which about 15,000 patients have been registered to date [22] . Based on the reported data, the global prevalence of PIDs in European countries is estimated to be at least 5 per 100,000 inhabitants. Marked differences are observed in the specific type of PIDs reported between countries and populations, which can be partially explained by demographic history (e.g. isolated vs. mixed population, founder effects and migration rates) and by the genetic mechanism involved (e.g. recessive deleterious alleles and de novo dominant mutations). Of note, even if PIDs are by definition genetic diseases, the actual defect is still unknown in many patients: a genetic cause has been identified in fewer than half of the patients registered in the ESID database. Overall, about 10% of cases are linked with a consanguineous background and 20% are described as familial cases (i.e. other members of the family also presented with a PID). Depending on the human genetic underpinning of common infectious diseases, PIDs could also be responsible for the tail of their phenotypic distribution. More specifically, individuals with inborn innate deficiencies are likely to be overrepresented among patients with the most dramatic clinical presentation of common infections. For example, recent GWAS and family studies strongly suggest that the human genetics of tuberculosis involves a continuous spectrum from Mendelian to complex predisposition. Patients with IL-12Rβ1 deficiency have been shown to suffer from severe forms of the disease, yet they were not distinguishable from the rest of the patient population based on clinical findings alone [23] .
Immunogenetics -Human Leukocyte Antigen
The major histocompatibility complex (MHC) locus on chromosome 6 (spanning from approximately 25.6 to 33.2 Mb for the extended MHC) includes the human leukocyte antigen (HLA) genes. Owing to their function in adaptive immunity, HLA class I and class II genes have shown particular importance to infection susceptibility. This region carries one of the broadest and most complex patterns of linkage disequilibrium genome-wide and contains more than 400 genes, many with clear relevance to innate and adaptive immunity [24] . This high density of genes and the complex correlation structure complicate the in-depth understanding of genetic associations in this region [25] . These genes are incredibly diverse, with thousands of reported allelic variants differing in both their nucleotide and amino acid sequences. For some infections, different alleles confer a range of effect sizes on infectious disease susceptibility (from highly protective to highly harmful) and vary greatly in frequency between populations.
As seen in figure 1 , the vast majority of GWAS performed on infectious disease susceptibility phenotypes have identified strong associations in the HLA region, including susceptibility to dengue shock syndrome [26] , acquisition of Mycobacterium leprae [27] , HPV seropositivity [28] , HBV acquisition [29] , HBV-induced hepatocellular carcinoma [30, 31] , spontaneous clearance of HCV infection [32, 33] and HIV control [34, 35] . Furthermore, with the exception of the study on dengue shock syndrome, all of these studies either directly or indirectly implicate allelic diversity in HLA class I (HIV) or class II genes as the major driving force behind the observed SNP associations. In line with GWAS on inflammatory diseases, associations in the HLA region have comparatively large odds ratios (and thus explain more of the trait variance) compared to non-HLA hits, underscoring the large biological impact of variation in this region.
The role of HLA class I allelic diversity (particularly in HLA-B ) in modifying HIV-1 disease outcome has been well described. Placing this in the genome-wide context, the first GWAS of an infectious disease phenotype (HIV-1 viral load) observed that the top statistical signal rs2395029 is a near perfect proxy in European populations for the strongly protective classical allele HLA-B * 57: 01 [34] . Adding further biological insight into this, an in silico fine-mapping effort demonstrated that the majority of the SNP and classical allele association signal could be explained by a small number of amino acid residues in the binding pocket of HLA-B [35] .
Owing to geographical differences in historical infection pressure, the frequency of SNPs, classical alleles and their component amino acids varies across populations [36] . For instance, HLA-B * 57: 01, albeit common in Europeans, is not present in populations of African ancestry, although the closely related molecule B * 57: 03 also slows disease progression in Africans and African-Americans [37, 38] . Though the strong role of HLA variation in influencing infectious disease susceptibility is incontrovertible, it remains to be seen whether variation in other adaptive immune molecules will play a similar role. Larger sample sizes for GWAS and/or genome-sequencing studies will be necessary to further address this issue.
Unique to the host-pathogen analysis is the possibility to apply genome-to-genome strategies to highlight sites of genomic conflict. In a recent study, we used paired human and HIV sequence data from 1,071 individuals to run >3,000 genome-wide scans [39] , testing for associations between host DNA polymorphisms and HIV sequence variation, while considering human and viral population structures. There were significant human SNP associations with a total of 48 HIV-1 amino acid variants of the virus. All associations mapped to the HLA class I region. A similar strategy can be used to study other infectious diseases (e.g. infections by HBV, HCV, herpes viruses or mycobacterium tuberculosis ) as long as polymorphic host factors exert sufficient selective pressure to trigger escape mutations in the pathogen.
Innate Immunity
Several common and very rare variants in innate immune genes have been associated with susceptibility to infectious diseases. It is also well accepted that genes and cellular pathways enriched for signals of positive selective pressure are frequently involved in the immune response [40, 41] . The underlying concept is that evasion from and co-evolution with pathogens are among the strongest evolutionary pressures, resulting in signals identifiable through comparative genomics. The signals of positive selection are most pronounced at domains of direct interaction with a pathogen [42] . The HIV restriction factors TRIM5α, APOBEC3G, BST2 and SAMHD1 are relevant examples of genes that have undergone positive selection [42] .
There is also the expectation that genes of the innate immune system may carry rare variants that determine differences in susceptibility to infection across populations and individuals. The consequences of carrying a functional or null mutation of a gene, as has been identified for many Mendelian disorders, may be pathogen specific and thus only expressed upon an eventual hostpathogen encounter. A significant challenge to progress in the field is the ability to identify the perimeter of the innate immunity and specifically to identify characteristics of genes that can be prioritized for in-depth genetic and functional analyses [43] . Some basic metrics that include evidence of positive selection, gene duplication and enrichment for nonsynonymous variants can be applied to short-list genes of innate immunity -in particular the set of genes that are increasingly described as 'cell-autonomous immunity', -i.e. those genes that participate in intracellular defense against invading pathogens, as opposed to soluble factors such as cytokines. One of the benefits of short-list innate immunity genes is their ability to enhance the precision of analyses of rare human variation, in particular for the study of the more severe manifestations of common infectious disorders.
Conclusions
Lessons from GWAS and the study of Mendelian disorders underscore the relevance of population history and positive selection pressures from diseases that are often ecologically restricted. Studies of pathogen genomes complete the picture by demonstrating the properties of adaptation to the population as a result of the allele frequency-dependent selection [44] . In the near future, we might be able to interpret rare human variation in the context of selective susceptibility to pathogens.
We have now entered an era in which human genetic variation can be systematically characterized, including at the level of very rare variants. Recent studies demonstrated that exome sequencing in a very small number of individuals is an efficient strategy for investigating the mechanisms underlying the pathogenesis of severe infectious diseases (see above). A crucial advantage of highthroughput sequencing technology versus genotyping methods is the possibility of identifying very rare mutations with deleterious effects, which are kept at very low frequency by evolutionary pressure and are often population specific. Large genomic and phenotypic data sets are needed to catalog all human genetic variants and correlate them with potential clinical consequences. The current convergence of biobanking, electronic health records and clinical genomics offers an unprecedented opportunity to accelerate the discovery of deleterious mutations and to further elucidate the genetic basis of susceptibility to infection.
